1. Introduction {#s0005}
===============

Beginning in early December 2019, cases of suspected novel viral pneumonia were reported in Wuhan, Hubei Province, China. The infectious disease, now termed COVID-19 by the World Health Organization, manifests clinically as fever, cough, shortness of breath, muscle ache, and low leucocyte count ([@bb0030]). Human-to-human transmission has been indicated in epidemiological studies ([@bb0025]; [@bb0110]).

COVID-19 has now spread globally ([@bb0015]; [@bb0080]; [@bb0210]). Epidemiological data provided by the World Health Organization indicates that, as of May 25, 2020, 5,304,772 patients have been infected by COVID-19, with 342,029 related deaths in over 230 countries, areas, or territories. Meanwhile, the spread of the pandemic is still accelerating.

Respiratory tract samples were collected from patients and a novel coronavirus was identified as the pathogenic agent by the Chinese Center for Disease Control and Prevention (Chinese CDC) on January 07, 2020 (Chinese CDC, 2020). This virus is a member of the *Coronaviridae* family, with the third highest pathogenic potential. Other members of the family include the highly pathogenic SARS-CoV and Middle East respiratory syndrome coronavirus, identified in 2003 ([@bb0225]) and 2012 ([@bb0065]), respectively. The novel causative virus, designated severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) by the Coronavirus Study Group, is an enveloped, positive-sense, single-stranded RNA beta-coronavirus that has high similarity with SARS-CoV genome ([@bb0185]), yet the virulence is not exactly identical. SARS-CoV-2 tends to have a longer latent period and less lethality, compared to SARS-CoV. Alterations in coronavirus virulence may be attributable to the differences in the spike (S) gene. SARS-CoV-2 genome sequencing revealed that the S protein receptor-binding domain directly binds the host angiotensin-converting enzyme 2 (ACE2), thereby acting as a receptor for viral entry ([@bb0175]). Computational modeling of the S protein structure has also confirmed this result ([@bb0195]), indicating the possibility for drug screening using computer simulation.

The ongoing pandemic is regarded as a "Public Health Emergency of International Concern." However, there are still no specific antiviral drugs and vaccines available.

S proteins comprise a large class of glycoproteins with N-terminal (S1) and C-terminal (S2) domains, which have distinct functions. It is generally believed that the S1 hypervariable region is closely related to coronavirus tropism, while S2 is necessary for mediating membrane fusion. The S1 fragment has pronounced variability, while the S2 fragment also changes in some variants. Therefore, a complete understanding of the pathogenicity of the coronavirus requires detailed insights into the processes of receptor recognition and membrane fusion ([@bb0060]). Because of the indispensability of S protein in viral entrance to host cells, it is a hot target for drug screening to prevent the entrance of SARS-CoV-2 into the host cells.

In this study, we describe a structure-based virtual screening model and subsequent high throughput screening methodology, based on the S protein structure of SARS-CoV-2 ([Fig. S1](#ec0005){ref-type="supplementary-material"}). The data will provide insights into the development of potentially efficacious drugs. More importantly, the virtual screening model also offers a reasonable, economic, and rapid method to screen drugs and find out-of-guide application of approved drugs in other diseases and in future possible epidemic or pandemic situations.

2. Materials and methods {#s0010}
========================

2.1. S protein structure simulation and virtual screening {#s0015}
---------------------------------------------------------

The virtualized S protein, reported by Zhang et al., and cryo-EM S protein structure reported by McLellan et al., were used for the virtualization of the S protein, assessment, characteristic analysis, and drug screening ([@bb0180]; [@bb0220]). The SARS-CoV-2 S protein sequence was downloaded from the NCBI database (<https://www.ncbi.nlm.nih.gov/nuccore/NC_045512>). SARS-CoV-2 S protein structure was generated using information of the SARS-CoV and SARS-CoV-2 spike glycoprotein structure, downloaded from the PDB database (<https://www.rcsb.org/>, PDB ID: 5X58, 5WRG, 6U7H, 6CRV, 6LZG). The SARS-CoV-2 spike protein binding pocket was generated using PyMOL software (<https://pymol.org/2/>). Docking platform, powered with autodock-vina at Beijing Beike Deyuan Bio-Pharm Technology Co. Ltd.(<http://www.vslead.com/>), was used against the FDA drug database to generate the hit list, and the parameter setup at (center for x = −2.075, y = 16.878, z = 573.956; size for x = 26, y = 26, z = 26. num_modes = 9). The top 100 drugs were selected for further visual inspection. Of these, 13 with highest docking scores were used for more assays.

2.2. TM-align {#s0020}
-------------

TM-align is an algorithm for the comparison of sequence independent protein structure, which generates optimized residue-to-residue alignment based on structural alignment, using heuristic dynamic programming iterations. The TM-score is generated to scale the structural similarity of proteins, with values in the range of 0--1. A perfect match between two structures is indicated by a value of 1, values below 0.2 indicates two randomly chosen unrelated proteins, and values higher than 0.5 generally assume the same fold in SCOP/CATH. The similarity between spike protein model (QHD43416.pdb), reported by the Zhang lab ([@bb0220]) and the reported SARS-CoV-2 spike protein structure (6LZG.pdb) was analyzed by TM-align (Version 20,190,822). For comparison, chain 1 (A316309, 1273 residues) and chain 2 (B316309, 959 residues) of QHD4316 were used.

2.3. Surface plasmon resonance assay {#s0025}
------------------------------------

Equilibrium dissociation constant (K~D~) values were measured by surface plasmon resonance (SPR) method using, BIACore™ ---S200 at 25 °C and a fixed Protein-tag CM5 chip (GE health care) at a certain resonance unit (RU). The details of each chip (human ACE2, SARS-CoV-2 S1 + S2 ECD, SARS-CoV2 S2 ECD) are shown in [Supplementary Table S1](#ec0010){ref-type="supplementary-material"}. Briefly, the methylated dextran biosensor chips were activated by hydrochloric acid N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide and N-hydroxy-succinimide, according to the supplier\'s instructions. All proteins were acquired from Sino Biological Inc. Human ACE2 or SARS-CoV-2 spike protein (S1 + S2，S2) was diluted with 10 mM sodium acetate pH (4.5 or 5.5) to 50 μg/mL, and then injected at a flow rate of 5 μL/min, until approximately 12,000 or 17,000 RU of the coupled protein were obtained. After injection of human ACE2 or SARS-CoV-2 S protein, 1 M ethanolamine was injected to block unreacted groups. For kinetic measurements, eltrombopag (97.7 nM to 1562.5 nM, or 97.7 nM to 6250 nM) was serially diluted twice at 25 °C, at a flow rate of approximately 30 μL/min in PBS (containing 0.05% Tween 20 and 3% dimethylsulfoxide). A simple one-to-one Langmuir combination model (BIAcore S200 Evaluation Software version 1.1) was used to calculate the association rate (k~on~) and dissociation rate (k~off~) by simultaneously fitting the association and dissociation sensorgrams. K~D~ was calculated as the ratio of k~off~/k~on~.

2.4. Thermo shift assay {#s0030}
-----------------------

S-RBD (S protein receptor binding domain) and ACE2 protein complex was prepared by mixing S-RBD and ACE2 ([Fig. S9](#f0070){ref-type="graphic"}-A) in a 1:1 ratio and incubating at 4 °C for 3 h. Then, the sample was concentrated to 0.2 mL for thermo shift assay (TSA) ([Fig. S9](#f0070){ref-type="graphic"}-B). To test the Tm (melting temperature) of the RBD-ACE2 complex, 5 μL metal-ion working solution was added to 96-well RE-PCR plate (AXYGEN, USA), and then 10 μL RBD-ACE2 complex was added to each well and the mixture incubated at 4 °C for 1 h. Subsequently, 5 μL dye SYPRO orange working solution was added to each well. The plate was run in an ABI7500 fast real-time PCR system with a ramp rate of 1 °C per minute from 25 °C and ending at 99 °C. Next, different compounds were assessed to determine their effect on RBD-ACE2 protein stability, using the same procedure.

3. Results {#s0035}
==========

3.1. Model of the SARS-CoV-2 structural proteins {#s0040}
------------------------------------------------

We compared the amino acid sequences of SARS-CoV-2 structural proteins, including the S protein, membrane protein (M), envelope protein (E), and nucleocapsid protein (N) with that of SARS-CoV. Although high similarity was observed, alterations in part of the amino acid sequences were also evident ([Fig. S2](#f0035){ref-type="graphic"}).

To screen effective drugs for COVID-19 therapy, it is important to elucidate the structures of proteins involved in the pathogenesis of the disease. By simulating the binding affinity between candidate drugs and protein, the drugs showing high binding affinity can be screened and further evaluated for efficacy. However, during "Public Health Emergency" such as a pandemic, structure-based drug screening of drugs is not effective in addressing the urgency for the search of effective drugs. By virtualizing the protein structure, it is possible to obtain a reliable structure that can be used to perform rapid and economic drug screening. Considering that the invasion of SARS-CoV-2 into host cells is mediated by S protein, a virtualized S protein was used for our drug screening.

As recently reported by Zhang et al., the virtualized SARS-CoV-2 S protein tertiary structure was successfully established ([@bb0220]). Since the structure of SARS-CoV-2 S protein was also reported recently ([@bb0180]), we compared the virtualized S protein from Zhang lab (QHD43416.pdb) ([@bb0220]) with the reported S protein (6LZG.pdb) via TM-align by two different chains and obtained TM scores of 0.646 and 0.849, respectively; suggesting a high structural similarity between the two proteins ([Fig. S3](#f0040){ref-type="graphic"}). The characteristic analysis and drug screening were completed by the S protein from Zhang lab. The structure of SARS-CoV-2 S protein was obtained by multi-template modeling ([Fig. 1](#f0005){ref-type="fig"}-A; template protein ID: 5 × 58, 5WRG, 6U7H, 6CRV, and 6LZG), or by ab initio model through I-TASSER ([Fig. 1](#f0005){ref-type="fig"}-B). The comparison between the ab initio model of SARS-CoV-2 and SARS-CoV S protein (5 × 58) showed high similarity ([Fig. 1](#f0005){ref-type="fig"}-C). In addition, to assess the accuracy of the virtualization, the structure of SARS-CoV-2 M, E, and N proteins were also generated via ab initio model through I-TASSER ([Fig. S4](#f0045){ref-type="graphic"}) and assessed via Procheck ([Fig. S5](#f0050){ref-type="graphic"}, [Fig. S6](#f0055){ref-type="graphic"}).

The homology model of SARS-CoV-2 S protein structure was further compared with the full-length S protein structure (6CRV) of SARS-CoV to identify the receptor-binding domain (RBD) ([Fig. 1](#f0005){ref-type="fig"}-D), the domain responsible for binding to the receptor. Comparison of amino acid sequence and RBD structure showed that SARS-CoV-2 RBD had a highly similar structure to SARS-CoV RBD ([Fig. 1](#f0005){ref-type="fig"}-E), despite alterations in four of the five key amino acids: Y442L, L472F, N479Q, T487N, Y491 ([Fig. 1](#f0005){ref-type="fig"}-E, F).Fig. 1The tertiary structure of SARS-CoV-2 Spike (S) protein and the pocket for drug screening.The tertiary structure of SARS-CoV-2 S protein was acquired via homology modeling (A) or ab initio model (B, cyan). (C) Comparison of SARS-CoV-2 S protein (cyan) and SARS-CoV S protein 5 × 58 (mauve). (D) Identification of SARS-CoV-2 S protein RBD (cyan) by comparing to SARS-CoV S protein 6CRV (mauve). (E) Comparison of SARS-CoV-2 S protein RBD (cyan) with SARS-CoV 5WRG RBD (mauve). (F) Comparison of RBD amino acid sequences between different strains of SARS-CoV and SARS-CoV-2. (G) The RBD of S protein (green area) show insufficient stability for future drug screening. (H) The selected binding pocket (yellow area) for drug screening,Fig. 1

3.2. Design of the pocket for drug screening {#s0045}
--------------------------------------------

S protein RBD of both SARS-CoV-2 and SARS-CoV binds to ACE2 to mediate further viral entrance and is therefore an important target for drug screening ([@bb0060]; [@bb0170]). However, the RBD of SARS-CoV-2 S protein is not suitable for determining the protein-binding pocket to screen drugs ([Fig. 1](#f0005){ref-type="fig"}-G). The RBD of the SARS-CoV-2 S protein was mainly composed of loops, with only a small portion of β-sheets, and this kind of structure is not stable enough to allow the binding of small molecular drugs. After calculation, the pocket with enough stability for future protein-drug interaction was selected for drug screening ([Fig. 1](#f0005){ref-type="fig"}-H).

The selected pocket comprised multiple parts of S protein, including: S1: Val 42-Ser50, Glu 281-Val289, Lys300-Ile312, Gly601-Ser605; S2: Pro812-Glu868, Ser937-Val976, and Asn1192-Ala1222. Most of the binding sites were identified in the S2 domain. Notably, the two binding sites Ser937-Val976 and Asn1192-Ala1222 showed high overlaps with the HR1 and HR2 fusion core of S2 domain, respectively ([@bb0190]), thus suggesting that the selected pocket possessed a high probability to affect the S2 domain-mediated fusion of SARS-CoV-2.

3.3. In silico screening identified 13 FDA-approved drugs as potential binders {#s0050}
------------------------------------------------------------------------------

High-throughput virtual screening is widely used in the process of drug discovery. Since ACE2 works as the receptor of S protein, a series of drugs or small-molecule peptides could be designed to prevent the virus from fusing further with the membrane of the target host cell. Total 1234 small molecules in the FDA-approved drug library were docked into the selected binding pocket of S2 domain. The top 100 computationally scored molecules were identified. Finally, 13 potentially therapeutic compounds were selected through manual screening of relevant mechanisms of action, drug toxicity, and binding power (range of −9.3 to −12.3 kcal/mol).

The in silico studies showed that all the selected 13 FDA drugs had relatively good interaction with the S2 subunits and were ranked according to their binding affinities ([Table 1](#t0005){ref-type="table"}). The ligand-amino acid interactions are summarized in [Table 2](#t0010){ref-type="table"} and all structure and drug-protein interactions are shown in [Fig. 2](#f0010){ref-type="fig"} and [Fig. S7](#f0060){ref-type="graphic"}, respectively.

The screening results ([Table 1](#t0005){ref-type="table"}) showed that a series of anti-tumor drugs (dactinomycin, temsirolimus)，anti-AIDS drugs (bictegravir, dolutegravir, velpatasvir), anti-HCV drugs (elbasvir, velpatasvir), hypertension drugs (irbesartan, tasosartan, azilsartan medoxomil), anti-diabetic drugs (gliquidone), anti-acromegaly drug (lanreotide), hepatoprotective drug (glycyrrhizic acid), and a drug for thrombocytopenia (eltrombopag) may have a high binding affinity to S protein.Fig. 2Interaction sites between drugs and SARS-CoV-2 S protein.The interaction between different drugs and SARS-CoV-2 S protein were virtualized to calculate binding affinity. The structure of each drug and the corresponding amino acids interacting with each drug are shown: (A) Dactinomycin (DB00970, PubChem CID: 457193); (B) Glycyrrhizic acid (DB13751, PubChem CID: 14982); (C) Eltrombopag (DB06210, PubChem CID: 135449332); (D) Azilsartan medoxomil (DB08822, PubChem CID: 25210270).Fig. 2Table 1Top 13 drugs screened after docking.Table 1CompoundsAffinity (kcal/mol)Drug Bank IdPubChem CIDFDA Approved ApplicationTargetsReferencesDactinomycin−12.3DB00970457,193Antitumor drugInhibition of RNA and protein synthesis to induce p53-independent apoptosis([@bb0095], [@bb0085])Bictegravir−10.4DB11799129,626,368Anti-AIDS drugPrevention of HIV integrase (IN)-mediated replication([@bb0155], [@bb0050])Temsirolimus−10.3DB06287134,812,825Antitumor drugInhibition of mTORC1([@bb0145], [@bb0200])Dolutegravir−9.8DB0893054,726,191Anti-AIDS drugImpairing the function of the HIV integrase-DNA complex([@bb0215])Elbasvir−9.7DB1157471,661,251Anti-HCV drugInhibiting non-structural protein 5A (NS5A) to suppress RNA replication and assembly of HCV([@bb0010])Irbesartan−9.6DB010293749Hypertension drugARB，inhibition of the classical RAS pathway, upregulation of ACE2([@bb0100], [@bb0205])Gliquidone−9.6DB0125191,610Diabetes drugBlocking ATP-dependent K+ channels and promoting the release of insulin([@bb0020], [@bb0135], [@bb0005])Lanreotide−9.6DB0679171,349Anti-acromegaly drugsInhibiting the somatostatin receptors (SSTs), activating MAPK pathway and regulating nitric oxide([@bb0055], [@bb0130])Glycyrrhizic acid−9.6DB1375114,982Hepatoprotective drugRegulation of the immune system and inhibition of the translocation of nuclear factor-kappa B and viral replication([@bb0125], [@bb0105], [@bb0140])Tasosartan−9.5DB0134960,919Antihypertensive drugLong-acting ARB and interacting with both AT1 and AT2 receptors([@bb0040])Velpatasvir−9.5DB1161367,683,363Anti-HCV drugSimilar to Elbasvir([@bb0165], [@bb0120])Eltrombopag−9.4DB06210135,449,332Treatment of ITPNon-peptide thrombopoietin (TPO) receptor agonist([@bb0045], [@bb0090])Azilsartan medoxomil−9.3DB0882225,210,270Hypertension drugARB，blocking the AT1 receptor without affecting the AT2 receptor([@bb0070])[^2]Table 2Summary of ligand-protein interaction sites in the pocket.Table 2Drug NameHydrogen BondsHydrophobic InteractionsCarbon-hydrogen interactionsOther interactionsDactinomycinTYR1209,ASN953PRO123, LYS278, LEU48, TRP1217, ILE1210SER46, ASN280ILE1210 (π-sigma)Glycyrrhizic AcidLEU303, ASN824, THR827, GLN949, LEU1205, TYR1209, TRP1217ALA956, LYS1205VAL826TRP-1217 (π-donor)EltrombopagVAL826, ALA829, LYS1205, TYR1209LEU849, LEU1203, ILE1210, PRO1213Azilsartan medoxomilTHR827, GLN949, TRP1217LEU945, ILE1210, PRO1213ASN824, TRY1209BictegravirASN824, LYS825, LYS1205, TYR1209,TRP1217LEU849, LEU945, LEU1203, TRP1212, PRO1213THR827ASN1199 (π-anion)TemsirolimusPHE823, ASN824, LYS825, THR827, ASN 953, TYR 1209, TRP1217ALA956, ILE1210, PRO1213, TRP1217, TYR 1209VAL826, THR307DolutegravirASN824, LYS825, LYS1205, TYR1209, TRP1217LEU849, LEU945, LEU1203, PRO1213THR827ASN1199 (π-anion)ElbasvirASN824, GLN949, ASN953, GLN957LEU303, TYR313, LEU828, LEU849, TRP1212, PRO1213, TRP1217THR827TYR1209 (π-donor)\
LYS825 (amide-π)IrbesartanTHR827, LYS1205, TYR1209, TRP1217LYS1205, ILE1210, PRO1213GliquidoneLYS1205, TYR1209, TRP1217LEU849, LEU945, TRP1212, PRO1213LEU828, TYR1209TYR1209 (π‑sulfur)LanreotideASN960, LYS964, ASP1199, LYS1205, TYR1209LEU303, LYS304, LEU828, LEU1203LYS1205ALA952, ALA956 (π-sigma)\
GLU309 (π-anion)\
PHE833 (π-π)TasosartanGLU1195, TYR1209LYS825, TYR1209, PRO1213, TRP1217ASP1199 (π-anion)\
LYS1205 (π-cation)VelpatasvirASN824, VAL826, GLN949, ASN960, LYS1205, TYR1209LEU48, LYS304, LEU945, ILE1210LEU303LYS964 (π-cation)[^3]

Dactinomycin ([Fig. 2](#f0010){ref-type="fig"}-A, [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}), had the highest docking score of −12.3 kcal/mol with the S protein. Dactinomycin formed hydrogen bonds with TYR1209 and ASN953 residues of the viral proteins. π-sigma interactions with ILE1210; hydrophobic interactions with PRO1213, LYS278, LEU48, TRP1217, and ILE1210; and hydrocarbon interactions with SER46 and ASN280 were evident ([Fig. 3](#f0015){ref-type="fig"} ). Dactinomycin belongs to the actinomycin group of antibiotics extracted from *Actinomyces antibioticus* and is widely used as an antitumor drug and functions by inhibiting RNA and protein synthesis to induce p53-independent apoptosis. The possible mechanisms of action include interaction with DNA, stabilization of cleavable complexes of topoisomerase I and II, and promotion of free radical formation ([@bb0095]). Dactinomycin is mostly used to treat Wilms tumor, Ewing sarcoma, neuroblastomas, and trophoblastic tumors ([@bb0085]).Fig. 3SPR analysis of interactions of different drugs and SARS-CoV-2 S protein.(A, B) Representative SPR data for various concentrations of eltrombopag binding to S1 + S2 domain or S2 domain at pH 5.5. (C) Representative SPR data for various concentrations of glycyrrhizic acid binding to S2 domain at pH 5 0.5. RU, resonance units.Fig. 3

Glycyrrhizic acid ([Fig. 2](#f0010){ref-type="fig"}-B, [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}), had a docking score of −9.6 kcal/mol with viral proteins. Glycyrrhizic acid formed hydrogen bonds with LEU303, ASN824, THR827, GLN949, LEU1205, TYR1209, and TRP1217. It showed carbon‑hydrogen interactions with VAL826, π-donor interactions with TRP1217, and hydrophobic interactions with ALA956 and LYS1205. It is extracted from the root of the licorice plant, *Glycyrrhizia glabra*, a member of the Fabaceae family. Different extracts from this family have a wide range of pharmacological activities, including antibacterial, anti-inflammatory, antiviral, antioxidant, and antidiabetic activities ([@bb0140]). The mechanism of action of glycyrrhizic acid is complex. The compound exists in α and β forms. The α form is predominantly distributed in the liver and displays anti-inflammatory activity by inhibiting the translocation of nuclear factor-kappa B, suppressing the function of tumor necrosis factor-alpha, and inhibiting CD4+ T cell proliferation via phosphoinositide 3-kinase/Akt ([@bb0125]). Glycyrrhizic acid is widely used in China and Japan as a hepatoprotectant ([@bb0105]). Furthermore, glycyrrhizic acid displays broad-spectrum antiviral activity against viruses, including vaccinia virus, herpes simplex virus, vesicular stomatitis virus, and hepatitis B virus ([@bb0125]; [@bb0160]). The possible mechanisms of action are the inhibition of viral replication and regulation of the immune system.

Eltrombopag ([Fig. 2](#f0010){ref-type="fig"}-C, [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}) was found to have a docking score of −9.4 kcal/mol with viral proteins. DB06210 formed hydrogen bonds with VAL826, ALA829, LYS1205, and TYR1209 and had hydrophobic interactions with LEU849, LEU1203, ILE1210, and PRO1213. Eltrombopag is a small-molecule, non-peptide thrombopoietin (TPO) receptor agonist and is used to upregulate platelet counts in idiopathic thrombocytopenia patients. Eltrombopag binds to the juxtamembrane domain of the TPO receptor and activates downstream Janus kinase/signal transducer and activator of transcription, AKT, and MAPK pathways ([@bb0090]). The signal cascade promotes the proliferation and differentiation of megakaryocytes to increase the production of platelets ([@bb0090]). Notably, eltrombopag interacts with the TPO receptor at a distinct site from endogenous TPO ([@bb0045]).

Azilsartan medoxomil ([Fig. 2](#f0010){ref-type="fig"}-D, [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}) displayed a docking score of −9.3 kcal/mol with viral proteins. Azilsartan medoxomil formed hydrogen bonds with THR827, GLN949, and TRP1217. It had carbon‑hydrogen interactions with ASN824 and TYR1209, and had hydrophobic interactions with LEU945, ILE1210, and PRO1213. Azilsartan medoxomil is an angiotensin receptor blocker (ARB) used for the treatment of hypertension. Azilsartan medoxomil is a prodrug and is further hydrolyzed in the intestine to the active component azilsartan ([@bb0070]). Azilsartan blocks the AT1 receptor without affecting the AT2 receptor, thus mediating vasodilatation, reducing aldosterone release, and reducing sympathetic stimulus of blood vessels and the kidney to lower blood pressure ([@bb0070]).

Similarly, the other 9 drugs also showed high affinity with the designed S2 pocket. The information for the drugs is briefly summarized in [Table 1](#t0005){ref-type="table"} and [Table 2](#t0010){ref-type="table"}, and the interaction model was shown in [Fig. S7](#f0060){ref-type="graphic"}.

3.4. Verification of the protein-drug interaction via surface plasmon resonance and thermo shift assay {#s0055}
------------------------------------------------------------------------------------------------------

Immediately after the simulation, we used SPR to verify ten potential compounds. Considering that the pocket used for screening comprised mainly the S2 domain and partially the S1 domain, the chips were prepared via different S protein domains (S1 + S2, S2) of SARS-CoV-2. Based on the binding force and non-specific binding, we found that eltrombopag may be a potentially useful drug. With SPR, we showed that at pH 5.5, eltrombopag can not only bind efficiently to S2 domain as expected (K~D~ = 2.172 × 10^−6^ M), but also bind to S1 + S2 domain (K~D~ = 2.007 × 10^−6^ M) ([Fig. 3](#f0015){ref-type="fig"}-A, B, [Table 3](#t0015){ref-type="table"} ), without much difference. Meanwhile, the R~max~ in both assays are lower than 20RU (resonance units), indicating the specificity of the interactions tested. This result confirmed that the S2 domain works as the major drug-binding site, and the existence of S1 domain does not disturb the interaction between eltrombopag and the pocket, thus suggesting the potential of eltrombopag binding to the intact SARS-CoV-2 S protein.Table 3The binding affinity between 10 drugs and SARS-CoV-2 spike protein S2/(S1 + S2) domain tested through SPR.Table 3Sample NameM.W (Da)K~D~ (M)R~max~ (RU)Eltrombopag (S1 + S2)442.472.007E-618.58Eltrombopag442.472.172E-617.93Bictegravir449.38NDNDDolutegravir419.38NDNDTemsirolimus1030.29NDNDElbasvir882.02NDNDIrbesartan428.54NDNDGliquidone527.63NDNDGlycyrrhizic acid822.93NDNDVelpatasvir883.02NDNDAzilsartan Medoxomil568.53NDND

In contrast, glycyrrhizic acid, the herb reported to possess wide-spectrum anti-viral activity which showed high binding affinity in the virtual screening, did not provide good results in the SPR assay. The calculated K~D~ is 0.0024 M, with the R~max~ of 623.7RU, showing a very weak and unspecific binding ([Fig. 3](#f0015){ref-type="fig"}-C) and is therefore marked as ND (non-detectable) in [Table 3](#t0015){ref-type="table"}, which suggests a poor interaction between glycyrrhizic acid and S2 domain. In addition, the SPR assay results of other drugs also showed high K~D~ and R~max~ value, suggesting similar poor interactions ([Fig. S8](#f0065){ref-type="graphic"}).

Taking into account that ACE2 functions as an indispensable receptor of viral S protein, an assay was performed to further test the binding affinity between drugs and ACE2. Again, eltrombopag showed an excellent binding affinity to human ACE2 extracellular domain with a K~D~ = 8.275 × 10^−7^ M and R~max~ = 21.95 RU (resonance units, RU) ([Fig. 4](#f0020){ref-type="fig"} -A). In contrast, the high K~D~ (0.0049 M and 0.0018 M)and R~max~ values (557.8 RU and 499.4 RU) of glycyrrhizate and glycyrrhizin showed poor binding affinity to human ACE2 ([Fig. 4](#f0020){ref-type="fig"}-B, C). These results showed the potential of eltrombopag binding to both SARS-CoV-2 S protein and human ACE2 and reveals the possibility of inhibition of viral entrance.Fig. 4SPR analysis of interactions of different drugs and human ACE2.(A) Representative SPR data for various concentrations of eltrombopag binding to human ACE2 at pH 4.5. (B, C) Representative SPR data for various concentrations of glycyrrhizate, glycyrrhizin binding to human ACE2 at pH 4.5.Fig. 4

The pharmacological effect of eltrombopag on S-RBD-ACE2 protein complex was further verified by TSA. Results showed that metal ion solutions (MgCl~2~ and CaCl~2~) had no effect on the Tm of the RBD-ACE2 complex ([Fig. 5](#f0025){ref-type="fig"} -A, B, 51.88 °C versus 51.6 °C). Notably, protein precipitation was observed after the addition of ZnCl~2~. Hence, the single curve of ZnCl~2~ was unreliable. The addition of compound eltrombopag had a slight effect on the RBD-ACE2 protein complex, which reduced the Tm from 51.88 °C to 49.9 °C ([Fig. 5](#f0025){ref-type="fig"}-C, D). These results confirmed that eltrombopag lowered the stability of S-RBD-ACE2 protein complex.Fig. 5Eltrombopag affects the stability of RBD-ACE2 complex.(A, B) The Tm of RBD-ACE2 complex with different metal ions (Black: Control; Red: 5 mM ZnCl~2~; Green: 5 mM MgCl~2~; 5 mM CaCl~2~) as control were tested by TSA. (C, D) The Tm of RBD-ACE2 complex with different compounds treatment (Red: 100 μM eltrombopag; Green: 100 μM EGCG (epigallocatechin gallate); Black: 1% DMSO) were tested by TSA. A decreased Tm value can be observed after eltrombopag treatment.Fig. 5

4. Discussion {#s0060}
=============

Under the premise that the structure is not completely resolved, homology modeling and de novo modeling are considered to be reliable and rapid methods for drug screening. We combined sequence analysis with homology modeling to quickly obtain the SARS-CoV-2 S protein. The sequence analysis and homology modeling results showed that the S protein of SARS-CoV and SARS-CoV-2 share high similarity. Importantly, consistent with previous report, 4 of the 5 key amino acids of SARS-CoV-2 RBD changed when compared to SARS-CoV; yet the structure was completely preserved and showed similar characteristics with SARS-CoV ([@bb0175]). Moreover, the modeling S protein structure also matched well to the recently published SARS-CoV-2 S protein tertiary structure, according to the TM score, thus validating the accuracy of our homology modeling ([@bb0180]).The structure of this protein and the structures of other related structural proteins were ascertained through virtual drug design, rapid screening, and manual screening of FDA-approved drugs.

Both SARS-CoV and SARS-CoV-2 recognize human ACE2 via the RBD of S protein, which makes the domain a hot target for drug screening. Nevertheless, our virtual structure indicated that the RBD of SARS-CoV-2 is mainly composed of loops and is not stable enough for drug screening. As a replacement, we selected a stable pocket whose binding sites mainly localize in the S2 domain, more specifically, the HR1 and HR2 fusion core. Therefore, it could be inferred that drugs screened through this pocket may have a high probability to affect the S2 domain-mediated membrane fusion.

Based on the pocket selected, the 13 molecules identified in this study may be potential therapeutic drugs. These include a series of drugs that are used to treat viral infection, tumors, diabetes, hypertension, and other diseases.

We also discovered a Chinese herbal medicine glycyrrhizic acid that had a combination with S protein. Glycyrrhizic acid has been reported to be efficacious for the treatment of SARS infections ([@bb0075]).

Notably, multiple ACEI/ARB drugs were screened in this study, showing their potential interaction with the pocket of SARS-CoV-2 protein. However, these drugs should be used with caution in COVID-19 patients. Much attention has been paid to ACEI/ARB drugs for their regulation of the level of ACE2, the specific receptor of SARS-CoV-2. However, the exact role of ACEI/ARB drugs in SARS-CoV-2 infection is not clear yet. ACEI/ARB drugs can indirectly upregulate ACE2 by blocking ARS, which is believed to be a risk factor. However, ACE2 possesses anti-inflammatory effect and many other protective functions, which means that upregulated ACE2 can protect humans from damages caused by SARS-CoV-2. Furthermore, it has been reported, that for patients suffering from both hypertension diseases and COVID-19, ACEI may protect them from SARS-CoV-2 infection ([@bb0115]). In summary, risky or protective, there is still much work to be done to figure out the relationship between ACEI/ARB drugs and COVID-19.

Eventually, 10 compounds were selected to undergo SPR test. The SPR results confirmed that eltrombopag possesses good binding affinity to both SARS-CoV-2 S protein and human ACE2, indicating its potential to affect both sides of viral entrance. Considering the domain participating in the formation of the pocket, eltrombopag could affect the S2 domain-mediated membrane fusion, thus preventing the viral entrance. This requires further verification in the future.

However, how eltrombopag functions through ACE2 remains to be explored. TSA verified that eltrombopag could lower RBD-ACE2 complex stability. This result showed that eltrombopag acts by binding to the S-RBD-ACE2 complex and lowering the protein complex stability. Nevertheless, it is still hard to draw a conclusion, since eltrombopag is mainly used for increasing the platelet count but not for blood pressure regulation. Although increased blood pressure presents as an adverse event in some patients, the mechanism is not clear yet ([@bb0150]). It is worth exploring how eltrombopag functions after binding to ACE2, which can help us further understand the potential anti-SARS-CoV-2 mechanism of eltrombopag and its adverse effect of increasing the blood pressure.

Although the results from this virtual drug screening provided many drug options, there are few shortcomings in the study. Cell and animal experimental studies still need to be carried out for these drug candidates. Additionally, the accuracy of homology modeling is limited, compared to the structure analyzed by Cryo-EM, since the precision is affected by both parameters and experience of operators. For example, discrepancy between virtual screening and SPR test is observed, which further confirms that the screened drug requires more verification experiments to illustrate its characteristics. We used SPR assay in this research to show the binding affinity, and together with the virtual screening, we showed the enormous potential of eltrombopag as an anti SARS-CoV-2 treatment. The discrepancy between virtual screening and SPR test, such as in the case of glycyrrhizic acid, could have been caused by unspecific binding, which suggests the need for further verification experiments in the future.

This study utilized homology modeling to analyze the SARS-CoV-2 S protein structure; besides, virtual drug screening was also performed. Moreover, the study describes the high possibility of eltrombopag as a candidate for anti SARS-CoV-2 therapy. These findings will help guide future efforts to screen for other SARS-CoV-2 structural proteins and potential therapeutic compounds. In addition, this method to screen drugs based on virtualized protein structure is also a reasonable, economic, and fast method to screen drugs and reveal out-of-guide application of approved drugs, which can be used against many other diseases and in future possible epidemic or pandemic situations.

The following are the supplementary data related to this article.Fig. S1Workflow chart of the structure-based virtual screening and subsequent high throughput screening methodology. The amino acid sequence of SARS-CoV-2 was downloaded from NCBI and analyzed. The structure of S, M, E, N protein was acquired by ab initio modeling or homology modeling (S protein), and the S protein docking pocket for drug screening was analyzed by comparing with SARS-CoV. By scoring the 1234 compounds from the FDA drug database compound library via the drug screening pocket, the top 100 compounds were selected. Among these, 13 compounds were further selected through visual inspection, which underwent surface plasmon resonance test and Thermo Shift Assay to verify the efficacy.Fig. S1 Fig. S2Amino acid sequence differences between SARS-CoV-2 and SARS-CoV. Amino acid sequences of SARS-CoV-2 or SARS-CoV S protein (A), M protein (B), E protein, (C) and N protein (N) were downloaded and compared.Fig. S2 Fig. S3TM score of modeling and reported S protein structure of SARS-CoV-2. The structure of spike model (QHD43416.pdb) was compared to the reported S protein (6LZG.pdb) via TM-align. Two different chains, chain 1 (A316309) and chain 2 (B316309), were used, respectively.Fig. S3 Fig. S4Tertiary structures of SARS-CoV-2 and SARS-COV M, E, N protein. M, E, N protein structure of SARS-CoV-2 were acquired through ab initio modeling. (A) M protein. (B) E protein (Green: SARS-CoV-2, Blue: SARS-CoV 2MM4). (C) N protein.Fig. S4 Fig. S5Ramachandran plot of SARS-CoV-2 proteins. The protein structure M protein (A), N protein (B), and E protein (C) were assessed by Procheck and depicted using a Ramachandran plot.Fig. S5 Fig. S6Ramachandran plot statistics. The Ramachandran plot statistics of M protein (A), N protein (B), and E protein (C) were listed. The percentage or residues in the most favored regions indicated the quality of model (\>90% is thought to possess great quality), while the value of G factors provides information on unusual property (\<−0.5 represents unusual, and \<−1.0 represents high unusual).Fig. S6 Fig. S7Interaction models of different drugs and SARS-CoV-2 S protein. The interaction between different drugs and SARS-CoV-2 S protein were virtualized to calculate binding affinity. The structure and interacting spots of each drug are shown. (A) Bictegravir (DB11799, PubChem CID: 129626368); (B) Temsirolimus (DB06287, PubChem CID: 134812825); (C) Dolutegravi (DB08930, PubChem CID: 54726191); (D) Elbasvir (DB11574, PubChem CID: 71661251); (E) Irbesartan (DB01029, PubChem CID: 3749); (F) Gliquidone (DB01251, PubChem CID: 91610); (G) Lanreotide (DB06791, PubChem CID: 71349); (H) Tasosartan (DB01349, PubChem CID: 60919); (I) Velpatasvir (DB11613, PubChem CID: 67683363).Fig. S7 Fig. S8SPR analysis of interactions of other drugs and SARS-CoV-2 S protein. SPR data for various concentrations of different drugs: (A) Bictegravir, (B) Dolutegravir, (C) Temsirolimus, (D) Elbasvir, (E) Irbesartan, (F) Gliquidone, (G) Velpatasvir, (H) Azilsartan Medoxomil binding to SARS-CoV-2 S2 domain at pH 5.5.Fig. S8 Fig. S9Experiment details of thermo shift assay (TSA). (A) Prepared S-RBD-mFB (sino) and ACE-2-His protein sample. (B) Concentrate S-RBD-ACE2 complex. S-RBD (mFc tag): 51.5 kD, ACE2: 85.1 kD. Collect lane 5-- 7 as concentrated protein complex, based on SDS-PAGE result.Fig. S9 Supplementary Table S1Information about the protein chips used in SPR test.Supplementary Table S1
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